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Nanoparticles of Fe, Co, Ni, and their alloys, with an average diameter of 12 nm were synthesized in liquids using a laser. Their saturation magnetization exhibited a Slater-Pauling-like behaviour with two main differences compared to that expected in bulk materials. First, the amplitude of the magnetization was found to be roughly 5 times smaller. Second, the disappearance of the ferromagnetic (FM) behaviour occurred at Ni instead of the expected Ni 0.6 Cu 0. 4 . The behaviour can be explained by the presence of non-magnetic oxidized shells which reduced the fraction of ferromagnetic atoms and induce through strain an amorphous structure in the metallic core. Annealing at 500 K leads to some crystallization of the particles and thus to a partial recovery of the expected magnetization. Ferromagnetic (FM) nanoparticles (NPs) have received considerable attention in the recent years due to their potential in biomedical applications such as hyperthermia, 1,2 drug delivery, 1, 2 and magnetic resonance imaging enhancement. 1, 3 Several of these applications are critically dependent on the saturation magnetization of the particles. In the case of bulk metallic alloys, the saturation magnetization is usually described by the Slater-Pauling curve, 4, 5 that is, the magnetization is a function of the valence electron number per atom of 3d transition metal. Slater-Pauling behaviour is also observed in Ni thin films grown and measured in-situ under vacuum which preserve their bulk magnetization down to thicknesses of 2 nm for temperatures below 300 K. 6 For films having thicknesses of few atomic layers, theoretical studies showed that fluctuations of the Ni magnetization could occur due to an increase of sp-d hybridization with the substrate but disappeared after 4 atomic layers. 7, 8 In small metallic NPs, the observed magnetization values often differ from that of the bulk materials. Recent publications report values of the saturation magnetization for small Co NPs at room temperature between 1 and 158 emu/g as opposed to 143 emu/g for bulk Co. Values above 80 emu/ g are found when the NPs are larger than 25 nm, 9-11 when very dense surfactants are used like oleic acid 12 or when the NPs are successfully encapsulated or placed inside a coreshell structure before oxidation could occur. [13] [14] [15] [16] For NPs becoming smaller than 15 nm, saturation magnetization below 30 emu/g are usually observed. They are presumably originating from the formation of a non-magnetic oxide shell around the NPs [17] [18] [19] [20] or from interaction with a non-magnetic shell (magnetization reduction as the shell thickness increases in W 21 and SiO 2 13 ). Moreover, NPs below 10 nm have magnetic properties that differ from the bulk due to their finite size and high surface to volume ratio. The surface atoms have a reduced coordination number that leads to a modified anisotropy and easy axis orientation [22] [23] [24] which can alter the magnetization leaving the core and the shell with different properties. At very low temperatures (2 K), Chen et al. 25 have reported that the surface shell in oxide free Co NPs with a diameter of 2 nm leads to an increase by 30% of the saturation magnetization. Defects and vacancies inside the core are also known to lower the magnetization per magnetic sites and to alter the local easy axis orientation. 26 Making oxide free metallic NPs is challenging since these NPs tend to form core-shell structures with oxide shell thicknesses of 1-2 nm. 27, 28 This work is aimed at characterizing the saturation magnetization of 12 nm NPs alloy of Fe, Co, and Ni made by laser ablation and fragmentation 29, 30 in acetone and without using surfactants or reducing agents to keep the NPs free of impurities. Comparisons with the Slater-Pauling curve, along with other characterization, suggest that the decrease of magnetization does not only occur from the creation of a non-magnetic shell but also from an amorphous structure of the NPs core.
II. EXPERIMENTAL METHODS
NPs were synthesized by a two-step process 31 using a femtosecond laser (Spectra Physics, Hurricane, 120 fs, 0.9 mJ/pulse, 10 kHz, 800 nm) at 700 mW. For the first step, laser ablation was performed on targets of 99.9% pure Fe, Co, or Ni. The ablation took place in 30 ml of acetone to limit oxidation. 27 The laser was focalized with a 15 cm lens 1.6 mm below the target surface to avoid non linear effects in the liquid and to transfer a maximum of energy to the target. Processing time for this step was 60 min. Fragmentation of the NPs, of either one or a mix of two elements, was subsequently performed to reduce their size and to induce intermixing. This second step was done with the same laser a)
Authors to whom correspondence should be addressed. Electronic addresses: david.menard@polymtl.ca and michel.meunier@polymtl.ca. settings except for the focalization point that was fixed 5 mm below the liquid surface. The solution was stirred using an argon gas during this 60 min long fragmentation step. The NPs size distributions were subsequently probed by transmission electron microscopy (TEM) using a Jeol-2100 F on NPs dried on a carbon coated copper grid. Energy dispersive x-ray scattering (EDXS) measurements were also performed on single particles for chemical analysis. Structural analysis was completed by x-ray diffraction (XRD, X'PERT from Philips). The magnetic measurements were performed with a vibrating sample magnetometer (VSM, EV9 from ADE Technology) at room temperature on samples consisting of NPs dried at 60 C in air on a silicon substrate and fixed in a polystyrene matrix. In-situ annealings were performed within the VSM by submitting the sample to a heated flow of argon. For this part, the NPs are dried on a silicon substrate and covered with a ceramic adhesive.
0021-

III. RESULTS AND DISCUSSON
TEM characterization was performed on the NPs synthesized by the two-step femtosecond laser process. Figure 1 shows a representative picture of a sample of Co NPs. The NPs are spherical and reveals a log-normal size distribution as evaluated from samples of more than 500 NPs. 32 A median diameter of 12 nm and a standard deviation r ¼ 0.43 were obtained using an image recognition software analysis. These results could be reproduced from sample to sample and for each material with a precision better than 1 nm. No significant differences in the size distributions were observed for the synthesis of either Fe, Co, Ni, and their alloys. EDXS analysis in the TEM (not shown) performed on individual NPs allowed us to verify that their stoichiometry was identical to that of the initial colloid mixture ratio with a maximum error of 1%. This indicates that the fragmentation induces good intermixing between the NPs, allowing an easy control of the alloy stoichiometry from the initial concentrations of NPs.
No crystalline structure could be observed on the fragmented NPs from XRD characterization. Figure 2 shows the XRD spectra for a sample of Co NPs. While the results suggest an amorphous state for the ablated or the fragmented NPs, a crystalline structure consistent with Co 3 O 4 could be observed after they were annealed for 1 h in air. The same amorphous structure has also been observed for Fe and Ni NPs as shown in the supplementary material. 38 Based on the Scherrer formula, 33 the average crystallite diameter would be estimated as 1.4 nm which is much smaller than the size observed in TEM. This discrepancy can be attributed to the short range atomic ordering 34, 35 in the amorphous structure. The lack of a long range order results in a reduction of the number of interfering parallel atomic planes. Although this does not alter the constructive interferences, the quality of the destructive ones decreases in the vicinity of the diffraction peaks due to the reduction of the number of interfering rays and therefore broadens the XRD peaks leading to an underestimation of the nanoparticle size.
The magnetization curves were measured using a VSM at room temperature on each fragmented samples. Fields were varied from À7500 to 7500 in steps of 300 Oe and with steps of 30 Oe from À1000 to 1000. Figure 3 shows a typical result as observed in fragmented cobalt NPs. The overall S-shaped anhysteretic curves strongly suggested a superparamagnetic (SPM) behaviour. This was further confirmed on some of the samples from the invariability of the M vs H/T curves measured between 300 and 400 K. The saturated magnetic moments of the sample, on the order of 5 Â 10 À3 emu, were about two orders of magnitude greater than the one from the sample holder (1.5 Â 10 À5 emu). Only the pure Ni sample required to be compensated for the induced diamagnetic signal from the sample holder, which was done by 
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applying a linear correction based on the high field data. A small hysteresis could be observed in the Fe-Co alloys and is believed to originate from a small fraction of NPs with size above threshold for the FM to SPM transition.
Assuming that all samples are in a SPM state, the distribution of their magnetic diameter can be extracted through numerical minimization of Â coth
where R is the NP radius, a and r are, respectively, the lognormal mean NPs radius and standard deviation, H 0 is the applied magnetic field, k B is Boltzmann's constant, T is the absolute temperature, l is the NPs magnetic moment, M s is the saturation magnetization, and M norm is the magnetization curve normalized to 1. The term in the first bracket is the log-normal size distribution and the second one is the Langevin function describing the normalized average magnetization of a SPM particle with a magnetic moment of l ¼ M s (4pR 3 /3). Assuming that the M s value corresponds to that of the bulk particles, the values of a and r which minimise the deviation between the experimental magnetization curve and Eq. (1) can be numerically extracted. Further, assuming that the particles have a core-shell structure, for which the magnetic core has the same properties as the bulk and the shell is non-ferromagnetic, a fit with the experimental results shown on Figure 3 allows us to obtain a mean diameter and standard deviation of 9.2 nm and r ¼ 0.28, respectively. Very similar values, with variations on the order of a fraction of nm, are obtained for all samples. Although these values are smaller than those obtained by TEM, they would be in good agreement with some values reported for other NPs in the literature 27, 28 by considering a 1.4 nm thick antiferromagnetic (AFM) oxide shell.
In order to gain a better understanding of magnetic NPs, we have measured the saturation magnetization of alloys made of Fe, Co, and Ni. Figure 4 shows the room temperature Slater-Pauling-like behaviour 35 exhibited by the NPs. The expected bulk behaviour at 0 K is also shown for comparison, but on a different scale (right axis on the figure). Note that the moments are given in units of Bohr magneton per atom, assuming that all atoms in the NPs are equally magnetic. While the general behaviour of the bulk materials is preserved, the magnetization is much smaller than the expected bulk values: about 5 times smaller for Fe and Co. According to some studies, [17] [18] [19] [20] this reduction could be attributed to the formation of an AFM oxide shell around the NPs resulting in a lower fraction of ferromagnetic atoms. If this was the only effect, the Slater-Pauling curve would only be expected to scale down by a fix factor corresponding to the volume ratio between the core and the NP, without altering its overall shape. Upon closer analysis, the transition from the FM to the paramagnetic state occurs at Ni instead of the expected Ni 0.6 Cu 0.4 . 5 Besides being reduced in amplitude, the curve is thus also shifted to the left (toward Fe), as observed in amorphous materials 35 as indicated by the dashed-dotted line on the graph (TM 80 P 20 ). This corresponds to a reduction of 0.6 l B /at. for an amorphous structure through the use of B, P or Si to stabilize the glassy state. Considering this, in the case of our samples, this would lead to a 2.5 nm thick AFM oxide shell with a mean magnetic diameter of 7.0 nm. Although this assumption gives an upper boundary on the thickness of the oxide shell, the core volume is significantly smaller than the one obtained from Eq. (1).
Magnetization curves were also measured in the temperature range of 300 K to 500 K on the cobalt samples. The saturation magnetization is shown in Figure 5 . For temperatures below 400 K, the values of the magnetization decrease steadily with increasing temperature and are reversible. However, above 400 K, the sample undergoes irreversible changes resulting in the appearance of hysteresis along with the irreversible increase of the magnetization (increased up to a temperature of 500 K). Following this heat treatment, the transformed sample exhibited a somewhat higher magnetization which is reversible between 500 K and 300 K (our measurement range). The hysteresis at 300 K, after annealing at 500 K, is shown in Figure 6 . The result indicates a clear FM state with a coercive field of 1130 Oe and a remanent to saturation magnetization ratio of 0.414, values that are closer to those expected for bulk hcp Co. 36 A possible explanation for the increased magnetization and disappearance of the superparamagnetic state, when heating above 400 K, is that the NPs dried on silicon merged with their neighbours and crystallized. Since the NPs were capped, we do not expect any significant oxidation reduction. The increased magnetization is thus likely due to an increase of the crystallinity and to the reduction of the interface area between the core and the shell resulting from the NPs coalescence.
A direct measurement of the Curie temperature could not be achieved but a very rough estimate can be obtained based on a model from Stifler. 37 According to this model, the temperature and the magnetization are linked through
where h is the Curie temperature, M is magnetization at a given temperature T, and M 0 is the saturation magnetization at 0 K. From Eq. (3), we can obtain c numerically from the ratio M/M 0 . Therefore, assuming we know M 0 , we can compute h by taking the best fit from Eq. (2) using the values of M vs T from Figure 5 . The best fit is obtained by iterating the value of M 0 to find the smaller standard deviation between the computed values of the Curie temperature for a given value of M 0 . The optimal values for the experimental data below 400 K are M 0 ¼ 36.8 emu/g and h ¼ 492 K (dotted line on Figure 5 ), whereas the sample annealed at 500 K exhibits values of M 0 ¼ 51.6 emu/g and h ¼ 1230 K, which is close to the expected bulk value of 1388 K. Similar reduction of h for the amorphous NPs has been observed in bulk amorphous Co containing B or P. 35 This reduction is not limited to Co
NPs as can be seen for Co 30 Ni 70 and Fe 58 Ni 42 in the supplementary material. In summary, we have synthesized NPs free of surfactants in order to study the magnetization of the NPs alone (without charge transfer). Although the size dispersion is wider than those from chemical synthesis, the reproducibility of the synthesized particles is high. Moreover, the majority of the NPs are in the vicinity of 12 nm (80% are within a radius of 61.5 nm based on the magnetic measurements) which allows us to analyse their collective behaviours. The absence of satellite peaks in the XRD spectra, the lower estimated Curie temperature and the lower observed magnetization as compared to bulk values and the shifted SlaterPauling-like behaviour are all consistent with the NPs being in an amorphous state and this in spite of the fact that no non-magnetic atoms were used to stabilize them into a glassy state. An important difference with the bulk material is the presence of an oxide shell with a different lattice parameter than that of the core. As the bulk modulus and volumes of the core and the shell are similar, this mismatch may result in important lattice strains which are likely to result in defects at the interface between the core and the shell and within each phase. We believe that these defects are responsible for the formation and stabilisation of the observed glassy state that leads to the reduction of the magnetization and of the Curie temperature. This modification of the magnetization induced by the strain could also explain why the saturation magnetization of Co NPs capped with W 21 or SiO 2 13 decreases as the shell thickness increases. Indeed, Co NPs reported here exhibit comparable saturation magnetization (27 emu/g) to that of other NPs of similar size and exposed to oxygen published in the literature. [17] [18] [19] [20] This leads us to believe that this amorphous Slater-Paulinglike behaviour in small NPs may not necessarily be limited to the NPs fabricated by the laser synthesis technique.
IV. CONCLUSIONS
In summary, the two-step femtosecond laser process (ablation followed by fragmentation) enabled us to synthesized NPs alloys of Fe, Co, and Ni, with an average diameter of 12 nm. Investigations of their magnetic properties showed a reduction of the saturation magnetization and of the Curie temperature which is attributed to the formation of an oxide shell around the NPs. We believe that this shell is responsible for the formation and stabilization of the metals into a glassy state, as also supported by XRD measurements. The amorphous structure did not require the use of any nonmagnetic atoms such as B, P, or Si, as it is often the case with bulk materials. Overall, our results suggest that the oxidation of small NPs would not only create a nonferromagnetic (often antiferromagnetic) shell which do not directly contribute to the ferromagnetism but also alter the crystalline and magnetic structure of the core leading to a strong reduction of the saturation magnetization and of the Curie temperature. The fact that the obtained values of magnetization are similar to those of oxygen exposed NPs of similar size reported in the literature suggests that these mechanisms are probably not limited to our laser-based FIG. 6 . Room temperature hysteresis curve of Co NPs after been annealed at 500 K. The coercive field and the remanent to saturation magnetization ratio are close to those of bulk hcp Co. synthesis technique. While annealing at 500 K appears to help increasing the NPs magnetization, this temperature is difficult to achieve in liquids and NPs aggregation and coalescence would need to be prevented.
